Abstract
Introduction
The cardinal clinical symptoms of adrenocortical insufficiency, as first described by Thomas Addison in 1855, 1 include weakness, fatigue, anorexia and abdominal pain, with orthostatic hypotension, salt craving and characteristic hyper pigmentation of the skin occurring with primary adrenal failure. The acute syndrome constitutes a medical emergency since it may result in a severe hypotensive crisis and clouded sensorium, together with pain in the muscles, joints or abdomen and fever. 2, 3 However, life saving glucocorticoid replacement therapy for the condition did not become available until 1949, when Kendall, Sarett, and Reichstein first synthesized cortisone. Furthermore, despite this breakthrough, there are still many advances and challenges with respect to the management of individuals with adrenal insufficiency. 2
Epidemiology
There are two types of adrenal insufficiency, primary and secondary. Chronic primary adrenal insufficiency has a prevalence of 93-140 per million worldwide and an incidence of 4.7-6.2 per million in white populations. [4] [5] [6] [7] These recent numbers are higher than those reported during the 1960s and 1970s, 4,5 despite a continuous decline in tuberculous adrenalitis in the developed world that suggests an increase in incidence of autoimmune adrenalitis. 6, 7 The age at diagnosis peaks in the fourth decade of life, with women more frequently being affected than men. [4] [5] [6] [7] Secondary adrenal insufficiency has an estimated prevalence of 150-280 per million and also affects women more frequently than men. 6, [8] [9] [10] [11] Age at diagnosis peaks in the sixth decade of life. 7, 8 Therapeutic glucocorticoid administration is thought to be the most common cause of secondary adrenal insufficiency. However, iatrogenic adrenal insufficiency becomes potentially relevant only during or after glucocorticoid withdrawal. Because iatrogenic adrenal insufficiency is transient in most cases, 12 we suspect its prevalence to be lower than that of endogenous adrenal insufficiency.
Cause

Primary adrenal insufficiency -
During the times of Thomas Addison, tuberculous adrenalitis was by far the most prevalent cause of adrenal insufficiency. In the developing world, it remains a major factor. 13 In active tuberculosis, the incidence of adrenal involvement is 5%. 14 In primary adrenal insufficiency (AI), there is failure of production of all hormones from the adrenal cortex. It is most often caused by autoimmune destruction in developed countries (Table I) . 5, 6 Adrenal insufficiency may occur alone, with other autoimmune diseases (polyglandular autoimmune syndrome type 2 and polygenic inheritance) or with hypoparathyroidism and mucocutaneous candidiasis (polyglandular autoimmune syndrome type 1) due to autosomal recessive inheritance of mutations in the autoimmune regulator (AIRE) gene. 15 
Pathophysiology and clinical presentation
Glucocorticoids are secreted from the adrenal zona fasciculata under the control of hypothalamic corticotropin releasing hormone and pituitary corticotropin. Cortisol secretion is diurnal with maximum concentrations measured early in the morning and trough concentrations noted around midnight. 26 Mineralocorticoids are produced by the zona glomerulosa, mainly under the control of the renin angiotensin system. Thus, mineralocorticoid secretion is preserved in secondary adrenal insufficiency. Dehydroepiandrosterone secretion by the zona reticularis is also diurnal and is acutely increased by ACTH. 27 Patients with acute adrenal insufficiency -i.e. life threatening adrenal crisis -typically present with severe hypotension or hypovolaemic shock, acute abdominal pain, vomiting, and often fever. Such individuals are, therefore, sometimes misdiagnosed as having an acute abdomen. 28 In children, acute adrenal insufficiency often presents as hypoglycaemic seizures. Deterioration of glycaemic control with recurrent hypoglycaemia can be the presenting sign of adrenal insufficiency in patients with pre-existing type 1 diabetes. In APS type 2, onset of autoimmune hyperthyroidism (or thyroxine replacement for newly diagnosed hypothyroidism) can precipitate adrenal crisis due to enhanced cortisol clearance.
The main symptom of chronic adrenal insufficiency is fatigue, accompanied by lack of stamina, loss of energy, reduced muscle strength, and increased irritability. Additionally, chronic glucocorticoid deficiency leads to weight loss, nausea, and anorexia (failure to thrive in children), and can account for muscle and joint pain. Unfortunately, most of these symptoms are non-specific. Thus, 50% of patients have signs and symptoms of Addison's disease for more than 1 year before diagnosis is established. 28 In secondary adrenal insufficiency; diagnosis is generally prompted by a history of steroid intake or pituitary disease, but often delayed e.g. in isolated ACTH deficiency. A more specific sign of primary adrenal failure is hyperpigmentation, which is most pronounced in areas of the skin exposed to increased friction e.g. palmar creases, knuckles, scars and oral mucosa.
Laboratory findings in glucocorticoid deficiency can include mild anaemia, lymphocytosis and eosinophilia. Cortisol physiologically inhibits thyrotropin release. Thus, concentration of thyrotropin is often increased at initial diagnosis of primary adrenal insufficiency, but returns to normal during glucocorticoid replacement unless there is coincident autoimmune thyroid dysfunction. 29 Mineralocorticoid deficiency, which is present only in primary adrenal insufficiency, leads to dehydration and hypovolaemia, resulting in low blood pressure, postural hypotension, and sometimes even in pre renal failure. Deterioration can be sudden and is often due to exogenous stress such as infection or trauma. Combined mineralocorticoid and glucocorticoid replacement in primary disease reconstitutes the diurnal rhythm of blood pressure 30 and reverses cardiac dysfunction. 31 Glucocorticoids contribute to this improvement not only by mineralocorticoid receptor binding, but also by permissive effects on catecholamine action. 32 Mineralocorticoid deficiency accounts for hyponatraemia (90% of patients with primary adrenal insufficiency), hyperkalaemia (65%), and salt craving (15%). 4, 33 Low serum sodium values can also be present in secondary adrenal insufficiency due to syndrome of inappropriate antidiuretic hormone secretion, which results from the loss of physiological inhibition of pituitary vasopressin release by glucocorticoids. 34 Adrenal insufficiency inevitably leads to dehydroepiandrosterone deficiency. Dehydroepiandrosterone is the major precursor of sex-steroid synthesis and loss of its production results in pronounced androgen deficiency in women. As a consequence, women with adrenal insufficiency frequently show loss of axillary and pubic hair (absence of pubarche in children), dry skin, and reduced libido. 27 Thus dehydroepiandrosterone deficiency could contribute to the impairment of wellbeing noted in patients with adrenal insufficiency despite adequate glucocorticoid and mineralocorticoid replacement. 35 
Diagnosis
Concentrations of ACTH and cortisol vary throughout the day due to their closely related pulsatile release, which follows a diurnal rhythm. Therefore, the diagnostic usefulness of random samples is limited. 36 Primary adrenal insufficiencyThe combined measurement of early morning serum cortisol and plasma ACTH separates patients with primary adrenal insufficiency from healthy individuals and from those with secondary disease. 37 Plasma ACTH is usually greatly increased and invariably higher than 22.0 pmol/L, with serum cortisol generally lower than the normal range (<165 nmol/L) but sometimes in the lower normal range. 37 The impaired ability of the adrenal cortex to respond to ACTH is readily demonstrated by the standard short corticotropin test. 38 Traditionally, AI is diagnosed biochemically by measuring serum cortisol before 30, 45 Secondary adrenal insufficiencyBaseline hormone measurements differ little between patients with secondary adrenal insufficiency and healthy individuals. 24, 37 However, a morning cortisol value below 100 nmol/L indicates adrenal insufficiency whereas a serum cortisol greater than 500 mmol/L is consistent with an intact HPA axis. [44] [45] [46] Thus, in most instances, dynamic tests of the hypothalmicpituitary-adrenal axis are required to establish a diagnosis of secondary adrenal insufficiency. The insulin tolerance test 47 is regarded as the gold standard in the assessment of suspected secondary adrenal insufficiency, since hypoglycaemia (blood glucose <2.2 mmol/L) is a powerful stressor that results in rapid activation of the hypothalamic-pituitary-adrenal axis. 48 An intact axis is indicated by a peak cortisol of more than 500 nmol/L at any time during the test. 49, 50 Occasionally, however, a patient will pass the insulin tolerance test despite exhibiting clinical evidence for adrenal insufficiency that responds to hydrocortisone substitution. 51 A higher cut-off value (550 nmol/L) for peak cortisol in the insulin tolerance test could help to reduce misclassification. 50, 52 During the test, close supervision is mandatory 48 and cardiovascular disease or history of seizures are contraindications. Sustained secondary adrenal insufficiency leads to adrenal atrophy and also to reduce ACTH receptor expression in the adrenal gland, since ACTH up-regulates its own receptor. 53 Thus adrenal responsiveness to an acute exogenous ACTH challenge is impaired also in secondary disease, facilitating the use of the standard short corticotropin test for the assessment of axis integrity. Since the administration of 250 μg ACTH represents a massive supraphysiological challenge, a low-dose corticotropin test that uses only 1 µg ACTH has been proposed as a more sensitive test for the diagnosis of secondary adrenal insufficiency. [54] [55] [56] [57] The test has been successfully used to monitor recovery of adrenal function after withdrawal of oral glucocorticoids 12 and to detect subtle impairment of adrenal reserve during inhaled steroid therapy. 58, 59 However, the intravenous administration of 1 µg ACTH still results in hormone concentrations greater than those required for maximum cortisol release. 60 
Special diagnostic situationsAdrenal insufficiency after pituitary surgery
Screening for adrenal insufficiency with the standard short corticotropin test or with the low-dose corticotropin test should be done 4-6 weeks or more after surgery for pituitary surgery, 46,61 since adrenal atrophy can develop only gradually after onset of ACTH deficiency. Until then, patients with a morning cortisol not excluding secondary adrenal insufficiency (< 450 nmol/L at 3 days and < 350 nmo/L at 7 days after surgery) should receive hydrocortisone replacement, and withheld for 24 h before scheduled testing of adrenal function. 62 
Adrenal insufficiency in critically ill patients
In critically ill patients, the corticotropic axis is greatly activated. 63, 64 Moreover, patients in intensive care are less sensitive to dexamethasone suppression and achieve higher peak ACTH and cortisol concentrations after administration of corticotropin-releasing hormone. 65 Critically ill patients also have fairly low serum concentrations of aldosterone with concurrently raised plasma renin activity. 66 Unfortunately, no consensus exists about how to diagnose adrenal insufficiency in these individuals. 67 In patients with primary or severe secondary adrenal insufficiency the standard short corticotropin test will establish a diagnosis by indicating a low baseline cortisol (< 165 nmol/L) not responding to corticotropin (peak cortisol < 500 nmol/L). [67] [68] [69] Imaging Adrenal imaging is not indicated in patients with an unequivocal diagnosis of autoimmune adrenalitis or adrenomyeloneuropathy. If infection, haemorrhage, infiltration, or neoplastic disease is suspected, abdominal CT scans should be done. In adrenal tuberculosis, bilateral enlargement is present in the subacute phase, 70 whereas calcifications develop during later stages. 71 In secondary adrenal insufficiency of unknown origin, MRI of the hypothalamic-pituitary region is the method of choice to reveal a space-occupying lesion. Only pituitary adenomas with a diameter of greater than 1 cm will cause secondary adrenal insufficiency; smaller microadenomas are coincident. Lymphocytic hypophysitis might initially present as pituitary enlargement, sometimes leading to the misdiagnosis of a pituitary tumour, whereas the long-term course leads to pituitary atrophy and subsequent empty sella. 71
Treatment
Current recommendations for oral replacement doses of hydrocortisone are lower at 10-12 mg/m 2 BSA, although many patients receive higher equivalent doses. 72 Glucocorticoid replacement is usually given in two or three daily doses, with a half to two-thirds of the daily dose administered in the morning to mimic the physiological cortisol secretion pattern. Findings of studies indicate that daily cortisol production rates vary between 5 mg/m 2 and 10 mg/m 2 , equivalent to the oral administration of 15-25 mg hydrocortisone (cortisol) or 25.0-37.5 mg cortisone acetate. [73] [74] [75] [76] [77] [78] Initial glucocorticoid treatment provides great symptomatic improvement in AI. However patients taking chronic adrenal hormone replacement report reduced quality of life (QOL) compared with healthy controls. 79 Possible explanations include non physiological glucocorticoid replacement and lack of adrenal androgen replacement. The observation that patients with primary and secondary adrenal insufficiency experience similar impairments 79 suggests that inappropriate mineralocorticoid replacement is unlikely to be the cause.
Normally cortisol levels peak before waking and fall to a nadir during night time sleep. 80 However, even three daily doses of hydrocortisone cannot approximate this rhythm, and a recent study reported no differences in QOL between two or three daily doses. 81 Another option is to use a longer acting glucocorticoid, such as prednisolone or prednisone, in a more convenient single morning dose. However, no differences in QOL were reported between patients taking hydrocortisone or prednisolone. 82 In general, if a twice daily regimen is applied, the second dose should be administered about 6-8 h after the first. Long-acting glucocorticoids are also used for replacement (1 mg hydrocortisone = 1.6 mg cortisone acetate = 0.2 mg prednisolone = 0.05 mg dexamethasone).
Prednisolone and dexamethasone have much longer biological half lives than hydrocortisone and cortisone acetate, which could result in unfavourably high night time glucocorticoid activity. 83 Dehydroepiandrosterone (DHEA) replacement continues to be controversial, with conflicting reports regarding QOL. 83, 84 Some postulate that DHEA insufficiency explains the impaired QOL in AI, particularly in women. Healthy men derive most androgens from the testes so that the androgenic effects of DHEA are presumably less important. 83, 84 Mineralocorticoid replacement (only required in primary adrenal insufficiency) consists of oral administration of 0.05-0.2 mg fludrocortisone. Monitoring includes measurement of blood pressure, serum sodium, and potassium and plasma renin activity, aiming at concentrations within the middle or upper normal. 37 Treatment surveillance of chronic glucocorticoid replacement is mainly based on clinical grounds because no objective assessment has proven to be reliable for monitoring replacement quality. ACTH cannot be used as a criterion for glucocorticoid dose adjustment, since in primary adrenal insufficiency it is invariably high before the morning dose and rapidly declines with increasing cortisol concentrations after glucocorticoid ingestion. 85, 86 Thus, in the absence of objective variables to measure replacement quality, the doctor has to rely primarily on clinical judgment, taking into account signs and symptoms potentially suggestive of glucocorticoid over replacement or under-replacement. Under replacement bears the risk of incipient crisis and severe impairment of wellbeing. Conversely, chronic over replacement can lead to substantial morbidity, including impaired glucose tolerance, 87 obesity, and osteoporosis. 88, 89 With recommended replacement doses of 15-25 mg hydrocortisone osteoporosis is not to be expected. Therefore, bone-mineral-density measurements are not required for regular monitoring in adrenal insufficiency. 90 
Critical illness
Part of the physiological response to critical illness is an increase in serum cortisol. To mimic this increase, patients with AI are advised to double or even triple their glucocorticoids dose for febrile illness and are usually given at least 200 mg hydrocortisone parenterally on the day of major surgery. 91 
Prevention and management of adrenal crisis
Risk of crisis was much higher in primary adrenal insufficiency (3.8 per 100 vs 2.5 per 100 years) and in women (4.4 per 100 vs 1.6 per 100 years) with the highest overall risk in women with autoimmune adrenalitis (6.5 per 100 years). Most crises were due to glucocorticoid dose reduction or lack of stress related dose adjustment by patients or family practitioners. 92 All patients and their partners should receive regular crisis prevention training, including verification of steroid emergency card or bracelet and instruction on stress-related glucocorticoid dose adjustment. Patients should add 5-10 mg hydrocortisone to their normal regimen shortly before strenuous activities e.g., hiking. More severe physical stress such as fever requires doubling of daily doses until recovery. In instances of vomiting or diarrhoea, glucocorticoids should be administered parenterally. 93, 94 For major surgery, trauma, and diseases that require monitoring in intensive care, patients should receive intravenous infusions of 100-150 mg hydrocortisone in 5% glucose per 24 h. Management of acute adrenal crisis consists of immediate intravenous administration of 100 mg hydrocortisone followed by 100-200 mg per 24 h and continuous infusion of larger volumes of physiological saline solution (initially 1 L/h) under continuous cardiac monitoring. With daily hydrocortisone doses of 50 mg or more, mineralocorticoid replacement in primary adrenal insufficiency can be reduced because this dose is equivalent to 0.1 mg fludrocortisone. 37 
Special therapeutic situationsThyroid dysfunction
Hyperthyroidism increases cortisol clearance. In patients with adrenal insufficiency and unresolved hyperthyroidism, glucocorticoid replacement should be doubled or tripled. To avoid adrenal crisis, thyroxine replacement for hypothyroidism should only be initiated after concomitant glucocorticoid deficiency has either been excluded or treated. 78 
Pregnancy
Pregnancy is physiologically associated with a gradual increase in cortisol-binding globulin and, during the last term, also in free cortisol. Serum progesterone concentrations also increase, exerting antimineralocorticoid action. Therefore, during the third trimester, hydrocortisone replacement should be increased by 50%. Mineralocorticoids should be adjusted according to blood pressure and serum potassium. Peripartum hydrocortisone replacement should follow the requirements for major surgery -i.e., 100 mg per 24 h starting with labour and continuing until 48 h after delivery, followed by rapid tapering. 95
Conclusion
Prospective data indicate excess mortality in hypopituitarism, including secondary adrenal insufficiency, mainly due to vascular and respiratory disease. However, deficiencies of other hormonal axes could also contribute. 
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